Abstract. We report a theoretical analysis of protoplasmic streaming driven by peristaltic movement in an elastic tube of an amoeba-like organism. The plasmodium of Physarum polycephalum, a true slime mold, is a large amoeboid organism that adopts a sheet-like form with a tubular network. The network extends throughout the plasmodium and enables the transport and circulation of chemical signals and nutrients. This tubular flow is driven by periodically propagating waves of active contraction of the tube cortex, a process known as peristaltic movement. We derive the relationship between the phase velocity of the contraction wave and the flow rate, and we discuss the physiological implications of this relationship.
INTRODUCTION
The body of the plasmodium of Physarum polycephalum consists of a network of tubular elements by means of which nutrients, chemical signals and protoplasm circulate through the organism. The motive force of this streaming is hydrodynamic pressure, which is produced by the propagation of waves of contraction activity along a tube wall. This process is known as peristaltic movement and it allows several important functions to take place in the plasmodium: 1) the organism can migrate because body mass is transported by the peristaltic movement; 2) chemical signals can be communicated through the tubular network; 3) nutrients can be delivered throughout the organism. Here we report a hydrodynamical analysis of the flow rate that results from peristaltic movement. The theoretical results obtained are compared with the behavior observed experimentally in the plasmodium.
BASIC EQUATIONS FOR PERISTALTIC MOVEMENT AND APPROXIMATIONS FOR PLASMODIAL FLOW
We consider a flow of incompressible fluid in a circular, cylindrical, elastic tube of infinite length. For the sake of simplicity, we assume that the thickness of the tube wall is zero. We begin with the law of conservation of mass and momentum, as found in standard textbooks [1] . When A(x,t) is the cross-sectional area of the tube and u(x,t) is the mean velocity of flow over the cross-section of the tube, both of which are functions of the axial coordinate x and time t, then the conservation of mass is given by
When p(x,t) is the pressure of the fluid inside the tube, the conservation of momentum is expressed as
where ρ is the (constant) density of the fluid and R is the friction coefficient of the fluid in contact with the tube wall. For simplicity, we assume that R is constant; however, in general it is a function of A. Next, we consider p(x,t), which is a function of A. We assume the relationship
where p ex is the external pressure that gives rise to peristaltic movement. The function f represents the elasticity of the tube when it expands and contracts laterally, and is a monotone increasing function of A. Equation 3 implies that the dynamics between p ex and A is replaced by an equation of statics and that the mass of the tube wall is negligible.
We note that equations 1 -3 were originally defined in a previous study of blood vessels [1] . In order to describe the peristaltic movement in Physarum, we express the external pressure p ex as
Equations 1 -4 are then written in the vector form ∂ ∂t
where the first and second terms on the right-hand side are the injected momentum and the momentum dissipated by friction, respectively. These equations are of the hyperbolic type. The coefficient matrix on the left-hand side contains the eigenvalues λ ± = u ± c, which correspond to forward and backward waves, where c is the sonic speed of the elastic tube, c = √ A f ′ /ρ. We rescale the equations by the dimensionless parameters,
where c 0 is the sonic speed for the mean cross-sectional area; c is a function of the crosssectional area and is given by c 0 = √ A 0 f ′ (A 0 )/ρ. As above, the sonic speed is chosen as the rescaling factor. We then obtain
where
In this dimensionless system, the sonic speed is normalized because √ F ′ (1) = 1 for the normalized cross-sectional area, α = 1. The parameter µ is important because it expresses the ratio of the sonic speed to the wave speed of the peristaltic movement. In the actual organism, we can assume that ω is nearly constant. We solve this system of equations numerically. Figure 1 shows the relationship between pressure and flux for different values of µ and γ when dF(α) dα is a non-zero constant (stress is proportional to the cross-section). When a contraction wave passes through a tube, the pressure varies from maximum to minimum in cyclical fashion. The flux also changes with the pressure. Thus, the relationship between pressure and flux takes the form of a closed curve, as shown in Fig.1 . The flux reaches its maximum and minimum values close to where pressure=1 because the pressure gradient of the sinusoidal wave is maximum and minimum at these points, respectively. The flux is zero close to the maximum and minimum pressures because the gradient is zero here. The flow direction is both negative and positive during the course of a cycle, but the net flux is positive with respect to the propagation direction of the contraction wave. In general, the pressure-flux curves shrink as the wave propagation becomes slower (µ is smaller). Therefore, more protoplasmic sol moves back and forth during a flow cycle when the wave propagates faster. This implies that communication via chemical signals can occur more densely, because the rate of exchange of chemical material between neighboring elements along a tube increases.
SIMULATION RESULTS
However, it is not trivial to establish whether the net flux is also a function of the wave propagation speed. Figure 2 shows the net flux per peristaltic cycle and per unit time, both as a function of peristaltic speed. The plot of net flux per cycle is bell-shaped and the flux reaches an optimum value at a finite peristaltic speed before decreasing again. The net flux per unit time is approximately proportional to the peristaltic speed when the peristaltic speed is small, but reaches a constant value at higher speeds. 
ESTIMATION OF PERISTALTIC SPEED IN PLASMODIUM
Here we estimate the peristaltic speed µ in the plasmodium, where µ = (ω/k)/(c 0 )
The parameter µ is approximately 2 × 10 −4 for the following experimentally measured values: ω = 10 −2 sec −1 , k = 10 −1 m −1 , ∆P = 5 × 10 3 Pa, ∆A = 10 −7 m 2 , A 0 = 8 × 10 −7 m 2 and ρ = 10 3 kg m −3 . We assume that the function f (A) is proportional to the cross-section A and is obtained as (∆P)/(∆A). As the size of the plasmodium increases from 1 cm to 100 cm, µ increases from 2 × 10 −5 to 2 × 10 −3 . These µ values are near the optimum values of flux per peristaltic cycle and are also near the saturation values of flux per unit time. This implies that the actual peristaltic speed in the organism is effective for the transportation of protoplasmic sol. According to this analysis, we can conclude that the flow rate is greater in a large plasmodium (100 cm) than in a small one (less than 1cm), which demonstrates the merit of large systems.
